Background. Metabolic acidosis, usually manifested by low serum bicarbonate level, is common in chronic kidney disease (CKD) and appears to be associated with higher mortality in dialysis patients. It is not known whether a similar association is present in patients with non-dialysisdependent CKD (NDD-CKD). Methods. We used multivariable-adjusted Cox models to examine the association between baseline and time-variable serum bicarbonate (measured as total CO 2 ) with the outcomes of all-cause mortality and the composite of predialysis mortality or end-stage renal disease in 1240 male patients with moderate and advanced NDD-CKD. Results. Serum bicarbonate showed a significant U-shaped association with all-cause mortality, with the highest mortality rate observed in patients with baseline serum bicarbonate levels <22 mmol/L [multivariable-adjusted hazard ratio (95% confidence interval) for patients with serum bicarbonate <22 mmol/L versus ≥22 mmol/L: 1.33 (1.05-1.69), P = 0.02] and the lowest mortality observed in patients with baseline serum bicarbonate of 26-29 mmol/L. The associations between lower serum bicarbonate level and mortality were more accentuated in subgroups of patients with better nutritional status and lower inflammation. Conclusions. Both lower and higher serum bicarbonates are associated with increased all-cause mortality in patients with moderate and advanced NDD-CKD. Clinical trials are needed to determine if therapeutic interventions aimed at optimizing serum bicarbonate can result in improved outcomes in this population.
Introduction
Metabolic acidosis is a common complication of chronic kidney disease (CKD) that can have multiple deleterious metabolic consequences such as uraemic bone disease, protein-energy wasting, impaired myocardial function and glucose homeostasis, accumulation of beta-2 microglobulin, chronic inflammation and disturbances in growth hormone and thyroid function [1] [2] [3] . While many of these complications of metabolic acidosis have been linked to adverse clinical outcomes in CKD, it remains unclear if metabolic acidosis itself has a direct effect on such outcomes. Abnormal serum bicarbonate levels have been associated with increased mortality in patients receiving maintenance dialysis [4] [5] [6] , with associations found for both metabolic acidosis and alkalosis in the Dialysis Outcomes and Practice Patterns Study (DOPPS) [4] and a Fresenius database-based study [5] . The impact of metabolic acidosis and metabolic alkalosis has, however, not been studied extensively in patients with non-dialysis-dependent CKD (NDD-CKD). We examined all-cause mortality and the composite of predialysis mortality or end-stage renal disease (ESRD) associated with serum bicarbonate levels in a cohort of patients with moderate and advanced NDD-CKD.
Subjects and methods

Study population and data collection
The study population consisted of 1259 patients evaluated and treated for NDD-CKD at Salem Veteran Affairs Medical Center (VAMC) between 1 January 1990 and 30 June 2007 and followed up until 1 April 2008. Thirteen female patients and 6 patients whose race was other than White or Black were excluded; the final study population consisted of 1240 patients. Baseline characteristics of the population were recorded at the time of the patients' initial evaluation in the nephrology clinic, and included demographic and anthropometric characteristics, co-morbid conditions and laboratory results, as detailed before [7, 8] . Use of certain medications [angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (ACEI/ARB), statins, phosphate binders and activated vitamin D products] was assessed over the entire follow-up period and used as a surrogate marker for quality of clinical care. Glomerular filtration rate (GFR) was estimated using the abbreviated equation developed for the Modification of Diet in Renal Disease Study [9] and categorized according to the staging system introduced by the Kidney/Dialysis Outcome Quality Initiative (K/DOQI) Clinical Practice Guidelines for CKD: Evaluation, Classification, and Stratification [10] . Laboratory parameters including serum total CO 2 , which is generally used as an indirect measure of serum bicarbonate concentration [11] , were recorded longitudinally throughout the follow-up period and were averaged over 6-month time periods for timedependent analyses. Serum total CO 2 was measured by a pH rate of change method (reference range: 20-34 mmol/L, coefficient of variation: 4.5%) using a Beckman Synchron LXi analyser (Beckman, Fullerton, CA, USA). All the biochemical measurements were performed in a single laboratory at the Salem VAMC.
Statistical analyses
After descriptive analyses, skewed variables were logtransformed. Missing data points for comorbidity index (1% missing), body mass index (BMI, 18% missing), serum phosphorus (7% missing), serum albumin (4% missing), blood cholesterol (8% missing), haemoglobin (2% missing), white blood cell count (WBC, 5% missing), percent lymphocytes in WBC (6% missing) and 24-h urine protein (8% missing) were imputed using linear regression with all other patient characteristics serving as independent variables. Smoking (5% missing) was analysed by creating a dummy variable corresponding to missing smoking status. Serum bicarbonate was analysed both as a continuous variable and as a categorical measure after dividing it into categories of <22 (corresponding to the 10th percentile in our sample and to the lower limit of desirable bicarbonate level in CKD according to K-DOQI guidelines [12] ), 22-25 (10th-50th percentile), 26-29 (51st-90th percentile) and >29 mmol/L (>90th percentile). Serum bicarbonate was also dichotomized into levels of <22 mmol/L and ≥22 mmol/L.
Outcomes analysis: the starting time for survival analysis was the date of the first encounter in the Nephrology Clinic at Salem VAMC. Outcome measures were overall (preand post-dialysis) all-cause mortality (ascertained from VA electronic records) and the composite of pre-dialysis mortality or ESRD (defined as initiation of maintenance dialysis therapy and ascertained from local hospital records including Medicare Form 2728). Patients were considered lost to follow-up if no contact was documented with them for more than 6 months, and they were censored in survival analyses at the date of the last documented contact. Associations between baseline serum bicarbonate levels and the above outcomes were evaluated in fixed-covariate Cox models, with adjustment for potential confounders. Timedependent Cox models were used to capture the impact of temporal changes in serum bicarbonate and other potential confounders. Variables to be included in multivariable models included those that showed a significant association with baseline serum bicarbonate and surrogate markers of malnutrition and inflammation (body mass index, serum cholesterol, albumin, white blood cell count and percentage of lymphocytes). Selection of variables to be included in the final multivariable models was performed by a multivariable regression spline function using backward elimination of weak predictors using a closed test approach [13] ; age, race and surrogate markers of malnutrition and inflammation were forced in the models. Nonlinear associations were examined by including polynomial terms and by using restricted cubic splines; analyses were restricted to values above the 5th and below the 95th percentile of the predictor variable in order to maintain the stability of the spline models. The joint significance of polynomial terms was assessed by using the Wald test.
Subgroup analyses were performed in patients divided by demographic and comorbid conditions and by levels of kidney function and nutritional markers. Sensitivity analyses were performed by using only non-imputed values of independent variables and by restricting analyses to a more contemporary cohort of patients enrolled after 1 January 2001. P values of <0.05 were considered significant. Statistical analyses were performed using STATA statistical software version 10 (STATA Corporation, College Station, TX, USA). The study protocol was approved by the Research and Development Committee at the Salem VAMC.
Results
The mean (±SD) age of the cohort was 68 ± 11 years, 24% were Black and the mean estimated GFR was 37 ± 17 mL/min/1.73 m 2 . Most patients had CKD stages 3 (57%) and 4 (30%), with fewer patients having CKD stages 1 (2%), 2 (8%) and 5 (4%). Seven hundred and fifty-one patients (61%) were enrolled after 1 January 2001. A total of 622 patients died [mortality rate: 124/1000 patient-years, 95% confidence interval (CI): 115-134] and 267 reached ESRD (ESRD rate: 62/1000 patient-years, 95% CI: 55-70) during a median follow-up of 3.3 years. Thirty-five patients (2.8%) were lost to follow-up, and their characteristics were not significantly different (data not shown).
Baseline characteristics in patients divided by categories of baseline serum bicarbonate are shown in Table 1 . Patients with lower serum bicarbonate were more likely to be Black and active smokers and less likely to have prevalent diabetes mellitus and cardiovascular disease; they had higher comorbidity index, systolic blood pressure, serum phosphorus and proteinuria and lower eGFR, serum calcium and blood haemoglobin levels. The use of ACEI/ARB and statins was less frequent, but the use of phosphate binding medications was more frequent in patients with lower serum bicarbonate; the use of calcitriol did not differ by categories of serum bicarbonate level (Table 1) .
Patients with lower serum bicarbonate displayed a higher mortality rate in fixed-covariate Cox models after adjustment for age, race, BMI, comorbidity index, diabetes mellitus, cardiovascular disease, smoking, systolic blood pressure, eGFR, serum phosphorus and albumin, white blood cell count (WBC), percentage of lymphocytes in WBC count and use of ACEI/ARB, statins and phosphate binders, but the association between serum bicarbonate and allcause mortality was non-linear, with a relative increase in mortality also seen in patients with serum bicarbonate of >29 mmol/L (Figure 1 , P = 0.008 for the joint significance of the linear, quadratic and cubic terms). Patients with the lowest serum bicarbonate experienced the highest mortality rates: compared to patients with serum bicarbonate levels of 26-29 mmol/L, those with serum bicarbonate of <22, 22-25 and >29 mmol/L experienced a multivariable-adjusted hazard ratio (95% CI) of 1.43 (1.10-1.87), 1.11 (0.92-1.35) and 1.24 (0.94-1.64). Compared to patients with serum bicarbonate of ≥22 mmol/L, those with levels <22 mmol/L had a multivariable-adjusted hazard ratio (95% CI) of all cause mortality of 1.33 (1.05-1.69), P = 0.02. This association was more pronounced in subgroups of patients with higher albumin and cholesterol and lower WBC, but only the interaction with blood cholesterol level reached statistical significance (P = 0.047 for the interaction term) (Figure 2 ). Time-dependent analyses revealed a similar U-shaped association between serum bicarbonate and allcause mortality, but the lowest mortality rate was observed in patients with serum bicarbonate levels of ∼26 mmol/L (Figure 3) . Fig. 3 . Multivariable-adjusted log hazards ratios (95% confidence intervals) of all-cause mortality associated with levels of serum bicarbonate in a time-dependent Cox model adjusted for age, race, diabetes mellitus, cardiovascular disease, body mass index, systolic blood pressure, estimated glomerular filtration rate, serum phosphorus and albumin, white blood cell count, percentage of lymphocytes and use of medications.
Fig. 4.
Multivariable-adjusted log hazards ratios (95% confidence intervals) of the composite outcome of pre-dialysis mortality or end-stage renal disease associated with baseline levels of serum bicarbonate in a fixedcovariate Cox model adjusted for age, race, body mass index, comorbidity index, diabetes mellitus, cardiovascular disease, systolic blood pressure, proteinuria, estimated glomerular filtration rate, serum phosphorus and albumin, white blood cell count, percentage of lymphocytes and use of medications.
The association between serum bicarbonate and the composite outcome of pre-dialysis mortality or ESRD was similar to its association with mortality in fixed-covariate ( Figure 4 ) and in time-dependent Cox models (data not shown). The association of serum bicarbonate with the studied outcomes remained similar when including nonimputed independent variables in multivariable models and when restricting analyses to the more contemporary cohort of patients enrolled after 1 January 2001 (data not shown).
Discussion
We describe the association between serum bicarbonate level and all-cause mortality in a large group of patients with moderate and advanced NDD-CKD. Serum bicarbonate displayed a non-linear relationship with this outcome, with both lower and higher bicarbonate concentrations showing an association with higher mortality. The results were similar in fixed-covariate and time-dependent survival analyses, although the ideal serum bicarbonate concentration appeared to be slightly lower in the time-dependent models.
The mechanism of action whereby higher serum bicarbonate could have a positive impact on survival is not clear. Metabolic acidosis is common in CKD patients receiving chronic dialysis therapy, due to the impaired ability of the kidneys to account for the ∼1 mEq/kg body weight per day of hydrogen ions generated metabolically in adult patients [11] , with lesser severity in patients with NDD-CKD, depending on the degree of their kidney dysfunction. Effects of metabolic acidosis in CKD include the exacerbation of uraemic bone disorders, worsened proteinenergy wasting (including muscle wasting and decreased albumin synthesis), impaired myocardial function and glucose homeostasis, accumulation of beta-2 microglobulin, chronic inflammation and disturbances in growth hormone and thyroid function [1] [2] [3] . Several of the consequences of metabolic acidosis have been associated with adverse outcomes such as increased mortality in CKD, but the mechanism(s) underlying such associations often remain obscure, and it is unclear to what extent metabolic acidosis itself can be directly linked to adverse clinical outcomes. In a study of 56 385 maintenance haemodialysis patients, a serum bicarbonate concentration <22 mEq/L was associated with lower mortality in unadjusted analyses, but with higher mortality after extensive adjustments for markers of malnutrition and inflammation [6] . Lower serum bicarbonate was associated with both better nutritional status and worse outcomes in two other large observational studies of dialysis patients [4, 5] . In the DOPPS study by Bommer et al. [4] , the midweek pre-dialysis serum bicarbonate level was correlated inversely with protein catabolic rate, serum albumin and serum phosphorus levels, and the lowest mortality was seen in patients who had a serum bicarbonate of 20.1-21 mEq/L. Similar to our study, the association with serum bicarbonate in the DOPPS study and in the study by Lowrie et al. [5] from the Fresenius database was U-shaped, with higher serum bicarbonate level also being associated with worse mortality. In spite of the similarity of the associations, there are important differences between the acid-base status of dialysis-dependent and non-dialysis-dependent patients with CKD, as dialysis-dependent patients are exposed to large loads of exogenous bicarbonate in a short period of time during haemodialysis, which can cause significant over-correction of metabolic acidosis with resultant negative effects related to alkalaemia. Since similar events are unlikely in NDD-CKD, the mechanisms underlying the associations seen in these two groups may be different and require separate studying. Negative effects of higher serum bicarbonate could in general be related to residual confounding by unaccounted morbidity (severe lung disease or congestive heart failure), medication use (diuretics) or nutritional factors, or could be the results of a truly deleterious mechanism related to severe alkalaemia, such as hypokalaemia, hypocalcaemia or hypomagnesaemia, with resultant cardiac arrhythmias [5, 14] .
We found that the association of mortality with serum bicarbonate levels in our study was more pronounced in subgroups with better nutritional status; this underscores the importance of nutrition and inflammation as confounders of serum bicarbonate, in that they can act both as independent predictors of outcomes and as determinants of serum bicarbonate levels. Higher protein intake can be one of the causes of a lower serum bicarbonate level in patients with CKD [15, 16] , and the deleterious impact of lower serum bicarbonate could to some extent be masked by the benefits associated with better nutrition. Conversely, metabolic acidosis can in itself have a negative impact on nutritional status [1, 11, 17] , with its proteolytic effect possibly mediated by inhibition of insulin signalling through phosphoinositide 3-kinase [18] . Further strengthening the link between metabolic acidosis and hypercatabolism in uraemia are studies showing that interventions aimed at correcting metabolic acidosis in dialysis patients can improve various aspects of malnutrition [19] [20] [21] [22] [23] . Clinical trials will need to explore if interventions targeting metabolic acidosis could improve hard clinical outcomes such as mortality, and to clarify if such an improvement is mediated through effects on nutrition and inflammation.
Several limitations of our study need to be mentioned. The historical and observational nature of the study only allows us to establish associations, but not causal relationships between serum bicarbonate level and mortality. Our study sample was limited to male patients from a single medical centre; hence, our results may not apply to the larger population with NDD-CKD. The enrolment of patients over an extended period of time in our study makes it possible that secular trends in medical practices could have affected patient outcomes differently based on the time of enrolment. To address this issue, we examined more contemporary patients separately and found similar in outcomes. Non-random distribution of patients in different bicarbonate categories makes it possible that uneven medical care in the different groups could affect outcomes. We addressed this concern by assessing the use of several medical interventions that are commonly applied in patients with CKD (such as ACEI/ARB, statins, phosphate binders and activated vitamin D products) and found that some of them were used less often, but others more often in patients with lower serum bicarbonate levels, making it unlikely that overall poorer medical care would have been present in these patients. We did not have data on potentially relevant variables such as diuretic use and serum potassium levels; thus, residual confounding from these factors could have influenced our results.
Lower serum bicarbonate levels are associated with higher all-cause mortality in patients with moderate and advanced NDD-CKD, whereas serum bicarbonate between ∼24 to 29 mmol/L appears associated with the greatest survival, even after controlling for the confounding effect of nutritional status and inflammation. Clinical trials are needed to determine if therapies aimed at achieving an optimal serum bicarbonate concentration could improve such outcomes. Bicarbonate replacement therapy is affordable and easy to apply, making it thus a potentially attractive therapeutic strategy.
